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ABSTRACT Prior to constructing a library of yeast arti-
ficial chromosomes (YACs) containing very large human DNA
fragments, we performed a series of preliminary experiments
aimed at developing a suitable protocol. We found an inverse
relationship between YAC insert size and transformation effi-
ciency. Evidence of occasional rearrangement within YAC
inserts was found resulting in clonally stable internal deletions
or clonally unstable size variations. A protocol was developed
for preparative electrophoretic enrichment of high molecular
mass human DNA fragments from partial restriction digests
and ligation with the YAC vector in agarose. A YAC library has
been constructed from large fragments of DNA from an
Epstein-Barr virus-transformed human lymphoblastoid cell
line. The library presently contains 50,000 clones, 95% of
which are greater than 250 kilobase pairs in size. The mean
YAC size of the library, calculated from 132 randomly isolated
clones, is 430 kilobase pairs. The library thus contains the
equivalent of approximately seven haploid human genomes.

To physically map genomes of complex organisms a number
of techniques have been developed. These techniques in-
clude pulsed-field gel electrophoresis (1, 2), chromosome
jumping (3), and cloning of large DNA fragments in yeast
artificial chromosomes (YACs) (4, 5). Physical mapping,
isolation of large genes plus all regulatory sites, and descrip-
tion of long-range genomic organization will depend on
isolating and analyzing fragments of several hundred kilobase
pairs of contiguous DNA. Intuitively appealing, the YAC
system must be rigorously examined to understand cloning
efficiency as a function of size and the extent to which the
clones faithfully represent their genomic origin. Until re-
cently (6), all YAC experiments had been carried out with
DNA purified and manipulated in solution. In these early
experiments one major problem has been small mean size of
the YACs. This is probably due to extended handling ofDNA
in solution. As each manipulation of high molecular mass
DNA in solution is potentially damaging, a protocol that
minimizes damage is desirable. Further, it is known that
strand damage initiates particular repair mechanisms in Sac-
charomyces cerevisiae and, consequently, rearrangements
might be expected in the transformed YAC molecule (7).
YACs that are not consistent with expected restriction en-
zyme patterns have been observed (8, 9), indicating the
necessity of knowing the frequency of YAC rearrangements
and the nature of the mechanisms involved. We performed a
series of experiments designed to provide information that
was incorporated into a protocol for constructing a YAC
genomic library. These experiments and the resulting library
are described in this report.

MATERIALS AND METHODS
Chemicals and lyticase were obtained from Sigma and growth
media were from Difco. Restriction enzymes and T4 DNA
ligase were purchased from New England Biolabs, bacterial
alkaline phosphatase was from IBI, and proteinase K was
from Boehringer Mannheim. Agarase was obtained from
Calbiochem, Zymolyase was from Seikagaku Kogyo (To-
kyo), and Novozyme 234 was from Novo Biolabs (Copen-
hagen). Agarose (SeaKem and SeaPlaque; low melting point)
was obtained from FMC. Biodyne membranes were pur-
chased from Pall.

Yeast Strains. Yeast strains tested for transformation were
S. cerevisiae AB1380 (a ura3-52 can1-100 lys2-1 trpi ura3
hisS f+h), BOY45 (a his4 leu2-13,112 ura3 trpl GAL:HO
radl::LEU2), M1615 (a ilvi-22 trp arg4-16 ade2 ura3-52),
SHY-3 (a ste VC9 ura3-52 trpl-289 leu2-3 leu2-112 his3-AJ
adel-101 canl-100), SX4-6A (a ura3 trpl-289 ade2-1 his3-532
inos- canR), STX170-1A (a ade2-1 hisS-2 lysl-l trpS48
can1-100 ura3-1 leul gall 4+ SUQS), W839-1C (a ade2-1
can1-100 or canl-J00,x his3-11,JS leu2-3,112 trpl-1 ura3-1
radl ::LEU2+ radS2-8::TRPI +), Y90 (a ura3-52 lys2-801
ade2-101 trpl-901), Y93 (a ura3-52 lys2-801 ade2-101 trpl-901
his3-A200), and YNN281 (a trpl-A his3-A200 ura3-52 lys2-801
ade2-1 gallb).
Media. All yeast cultures were grown on either complete

medium (YPD) or selective medium lacking uracil or uracil
and tryptophan. These media have been described by Sher-
man et al. (10).
Transformation Experiments. Transformation was carried

out according to Burgers and Percival (11) with the following
modifications. Spheroplasts were prepared with Zymolyase-
T20 (stock preparation containing 1 unit/,ul). Four samples of
1 x 109 yeast cells were incubated with various amounts of
Zymolyase-20T (5-40 units) for 15 min. The spheroplasts
were washed once in 1 M sorbitol and then placed in YPD
containing 1 M sorbitol for 30 min. The cells were resus-
pended in STC buffer (11), and the described protocol was
followed. Spheroplast preparations chosen for transforma-
tion experiments were those which, under phase-contrast
optics, showed less than 2% lysed spheroplasts in 1 M
sorbitol and 100% lysis after H20 was added to the micro-
scope slide. The ligated and size-fractionated DNA (10 ILI per
Petri dish) was used for transformation. Usually 50 Petri
dishes were prepared in a transformation experiment. For
"retransformation" experiments, yeast cells containing a
YAC of known size were cultured in medium lacking uracil.
Cell concentration was determined and agarose plugs con-
taining 2 x 109 cells per ml were prepared. After purification
of the chromosomes and agarase treatment, 10 ,ul (equal to 2
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x 107 YAC molecules) of the sample was used to transform
AB1380 cells as described (11).

Analytical Gel Electrophoresis. Analytical pulsed-field gel
electrophoresis was run on a contour-clamped homogeneous
electrophoresis (CHEF) (12) apparatus (Bio-Rad) using
SeaKem agarose in 0.5x TBE (lx TBE = 90 mM Tris/64.6
mM boric acid/2.5 mM EDTA, pH 8.3). Analytical separa-
tions were performed at 10'C and 200 V for 20 hr and with
50-sec switch times gradually increasing to 90 sec. Analytical
field-inversion electrophoresis (2) with 1% SeaKem gels in
0.5 x TBE was used to determine YAC size. Electrophoretic
conditions were 14'C and 5.5 V/cm for 20 hr; the switch time
was gradually increased from 9 sec to 60 sec, with a switch
ratio of 3:1. Restriction digests for fingerprint analysis were
separated on 0.6% SeaKem agarose in 0.5x TBE, for 20 hr
at 5.5 V/cm.

Fingerprint Analysis ofYAC Chromosomes. Purified YACs
in agarose plugs were equilibrated with an appropriate re-
striction enzyme buffer prior to digestion. Complete digests
were performed in 1 vol of restriction buffer per plug with
enzyme added to 5 units/,ug of DNA. Restriction digests of
YACs were separated using unidirectional gel electrophore-
sis, transferred to Biodyne nylon membranes (Pall), and
hybridized with total human DNA.

Radioactive Labeling and Hybridization. Probes were la-
beled by the random-primer method (13), and filters were
hybridized and rinsed as described (5).

Protocol for Preparing Human YAC Library. Purification
of yeast and human DNA. Human DNA was purified from
Epstein-Barr virus-transformed human male lymphoblastoid
cell line as described (12). Plugs (120 1l) for preparative
electrophoresis contained 40 Ag. Large batch preparations of
yeast chromosomes were prepared as described (14). Mini-
preps of yeast chromosomes were prepared from 2 ml ofYPD
cultures that had grown to saturation. The cells were resus-
pended in 240 Al of 0.5% SeaPlaque agarose and plugs were
prepared. The plugs were incubated for 3 hr at 37°C in SCEM
(11) in the presence of 10 units of Zymolyase per ml. Then the
plugs were incubated overnight in NDS (12) with proteinase
K (0.5 mg/ml) at 50°C and rinsed several times in 50 vol ofTE
(10 mM Tris HCI/5 mM EDTA, pH 7.5).

Vector preparation. The vector pYAC4 was used to con-
struct YACs (5). Prior to ligation the vector was linearized
with BamHI and the two restriction sites were dephospho-
rylated with bacterial alkaline phosphatase. After phenol
extraction, the cloning site of the linearized vector was
cleaved with EcoRI. The EcoRI site was not dephosphory-
lated.

Partial restriction digests. Human DNA in agarose plugs
was partially digested with EcoRI as described by Albertsen
et al. (15).

Preparative CHEF I. The partially digested human DNA
was size-fractionated using a CHEF (12) apparatus (Bio-
Rad). The gel was 1% SeaPlaque low-melting-point agarose
in 0.5x TBE. Preparative electrophoresis was performed at
10°C and 200 V for 18 hr, with a 15-sec switch time.
Ligation in agarose. Human DNA was recovered from a

preparative CHEF gel in an agarose slice (1 ml). After
equilibration with ligation buffer for 1 hr, a molar excess of
vector was added to the insert DNA (40:1) and the agarose
slice was briefly melted at 68°C. When the molten agarose
had cooled to 37°C, 10 Al ofT4 DNA ligase (400,000 units/ml)
was added to the agarose in 1 ml of fresh ligation buffer. The
ligation reaction mixture was incubated overnight at room
temperature.

Preparative CHEF II. The ligation products were size-
fractionated as described above.
Agarase treatment ofagarose plugs. DNA used for trans-

formation was liberated from the protective agarose matrix
by agarase. SeaPlaque agarose plugs were equilibrated with

30 mM NaCl, melted at 680C and transferred to 370C, and
agarase (40 units/ml) was added. The sample was incubated
for 2 hr (16).

Transformation. After agarase treatment, the DNA was
immediately used for transformation as described above.
Colonies appeared after 4 days of incubation and were tested
for the desired genotype before adding them to the library.

Storage of YAC clones. Clones are stored in YPD medium
containing 20% (vol/vol) glycerol at -800C in 96-well micro-
titer plates in triplicate.

RESULTS
Various factors influencing YAC transformation efficiency,
size, and stability were analyzed. The preparation of sphero-
plasts is crucial for transformation efficiency. Of three com-
mercially available enzymes used to prepare spheroplasts,
Novozyme 234, Lyticase, and Zymolyase-T20, the last gave
better preparations as judged by morphology and transfor-
mation efficiency. We also screened 10 yeast strains as hosts
for YAC transformation. We found no advantage in using
strains other than AB1380. Accordingly, we used this strain
for the experiments described here.

Agarase treatment of agarose slices containing DNA of
desired size is important for our transformation protocol.
Accordingly, agarase treatment should not degrade the trans-
forming DNA. We tested the effect of agarase on a prepara-
tion of yeast chromosomes and found no evidence of degra-
dation (data not shown).
The following experiment was performed to validate the

conditions used for preparative electrophoresis to separate
DNA fragments in the desired size range. Yeast chromo-
somes were separated in one dimension using preparative
conditions. A slice from this electrophoretic gel, containing
the separated chromosomes, was recovered and subjected to
electrophoresis in the second dimension under analytical
conditions allowing separation of fragments of greater than
1300 kilobase pairs (kb). Fig. 1 shows yeast chromosomes
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FIG. 1. Yeast chromosomes from strain STX454.lBa (Yeast
Genetic Stock Center) separated in two dimensions using preparative
and analytical conditions. A slice from the preparative gel was cut
out, and the chromosomes were separated in a second dimension
under analytical conditions ("L"-shaped display, left part of gel).
Marker yeast chromosomes separated using analytical conditions are
shown on the right. The sizes (360, 280, and 250 kb) of the smallest
yeast chromosomes are shown. Region C is the compression zone.
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FIG. 2. After ligation of vector to EcoRI partially digested human
DNA, the ligation products were size-fractionated using preparative
CHEF. Yeast chromosome markers are included in both sides of the
gel to guide the recovery of the DNA in the compression zone. The
lanes with the yeast chromosomes plus a small part of the gel
containing ligated human DNA were excised from the gel, stained
with ethidium bromide, and replaced. The location of the compres-
sion zone (the heavily stained band at the 1-cm marker) could thus
be determined, and the corresponding part of the unstained gel was
excised and stored in TE. To confirm recovery of the desired
fraction, the remainder of the preparative gel was stained as shown
here. Region C is the compression zone. Region Y is the smallest
yeast chromosomes. Region V contains the three possible products
of ligated vector arms. Region S is the spacer fragment released from
the vector by BamHI. Contamination of the yeast marker lanes with
ligation products is seen in regions V and S.

separated in two dimensions. With the preparative conditions
used, chromosomes larger than 300 kb comigrated in a
compression zone with limited mobility and resolution. The
smaller chromosomes migrated ahead of the compression
zone and their resolution was size dependent.
To obtain high molecular size DNA for transformation,

preparative electrophoretic fractionation was performed be-
fore and after ligation to the vector. The initial size fraction-
ation was performed with partially EcoRI-digested DNA.
After electrophoresis an agarose slice was recovered from the
compression zone. After ligation to the vector, the DNA was
submitted to a second preparative electrophoretic size frac-
tionation. Fig. 2 shows an ethidium bromide-stained gel after
preparative electrophoresis of ligated DNA. A slice of aga-
rose containing the ligated human DNA from the compres-
sion zone was removed prior to staining. The yeast markers
indicated that the fraction isolated from the gel contained
DNA from 300 kb to approximately 1500 kb. The smallest

band in the gel represented the fragment between the two
telomeres released by digestion with BamHI. The next three
higher bands represented all possible ligation products of the
two vector arms (left/left, right/right, and left/right). Thus
this gel provides information about molecular size of the
human DNA fraction isolated and the efficiency of vector
ligation.

Retransformation experiments involved purification of the
chromosomes of a yeast strain harboring a YAC of known
size and transforming the DNA into AB1380. To study the
relationship between YAC size and transformation efficiency
the following experiment was performed. Five YACs of
known size, 180 kb, 490 kb, 600 kb, 700 kb, and 1050 kb, were
transformed into AB1380 cells. Fig. 3 indicates that there is
an inverse relationship between YAC size and the transfor-
mation efficiency. For this experiment, transformation effi-
ciency varied from 2000 (1050-kb YAC) to 330,000 (180-kb
YAC) transformant colonies per jig of DNA. To test the
hypothesis that polyamines improve YAC transformation
efficiency, the same experiment was carried out with trans-
formation buffer containing spermidine at 0.7 mM and sper-
mine at 0.3 mM. There is no apparent effect of polyamines
added to the transformation buffer.

After transformation, occasionally, YACs smaller than the
input YAC have been recovered. The integrity of these
clones was suggested by their growth on selective medium,
lacking uracil and tryptophan, indicating the presence ofboth
telomeric regions. These clones showed no subsequent size
variation on further growth in culture. DNA from these YAC
clones was digested with various restriction enzymes and
fingerprints were compared to that of the transforming YAC.
Fig. 4 A-D shows an analytical CHEF gel, the corresponding
autoradiogram of five YAC clones after retransformation
with a 1050-kb YAC, the Pvu II restriction digests stained
with ethidium bromide, and the fingerprint patterns of these
five clones, respectively. Fingerprints generated with Pvu II
and Xba I showed that the clone in the center lane was
identical to that of the original transforming YAC of 1050 kb
in size. The four other clones varied from 250 kb to 420 kb
(Fig. 4B). Comparison of the fingerprints in Fig. 4D shows
that some restriction fragments of the 1050-kb YAC were
missing from the smaller clones. Each of the remaining
restriction fragments of the smaller clones was found in the
fingerprint of the 1050-kb YAC. The results of the fingerprint
analysis were consistent with an internal deletion accounting
for the reduced size of the smaller clones. A possible novel
fragment (i.e., not found in the 1050-kb clone) was observed
in Fig. 4D, lane 1 (indicated by an arrow). This could
represent ajunction fragment from a rearranged YAC insert.
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FIG. 3. Retransformation ex-
periment involving five YACs
ranging in size from 180 kb to 1050
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FIG. 4. Fingerprint analysis of five YACs obtained after retrans-
formation with a 1050-kb YAC. The fingerprint of the 1050-kb YAC
in the center lane of each panel is identical to that of the transforming
YAC. An ethidium bromide-stained CHEF gel of the five clones is
shown in A. The corresponding autoradiogram is shown in B. The
five clones were digested with Pvu II and the electrophoretic pattern,
developed with ethidium bromide, is shown in C. The corresponding
autoradiogram after hybridization with human DNA is shown in D.
The order of the five clones is the same in each panel. The arrow in
D indicates a novel fragment (not present in the central lane) that
might represent the junction fragment in the rearranged clone.

Clonally unstable YACs represent another type of rare
rearrangement that we have observed in 2 clones among 132
YAC clones tested for size. One of these clones is shown in
Fig. 5A. A complex pattern of at least four bands is seen,
suggesting intraclonal size variation. This clone was streaked
out on selective medium, and secondary clones were recov-
ered and their sizes were determined (Fig. SB). Six of the
secondary clones also show at least two bands (clones 3, 5,
7, 8, 9, and 10). The other clones (lanes 1, 2, 6, and 11) each
show a single band, suggesting that they are stable; however,
they differ in size.
The YAC library was constructed with techniques used for

the experiments just reported. Techniques especially useful
for preparing the library were enrichment of very high
molecular mass human DNA fragments on preparative
CHEF gels (before and after ligation) and ligation of vector
and human DNA in low-melting-point agarose. The library
contains 50,000 YAC clones that were stored in YPD medium

FIG. 6. Randomly chosen clones from each transformation were
analyzed by pulsed-field gel electrophoresis and transferred to a
filter. An autoradiogram of the filter hybridized with total human
DNA is shown here. The size distribution observed is consistent with
the expected size distribution of YACs obtained using preparative
CHEF for enrichment of large DNA fragments.

in 20% glycerol at -80'C. The number of clones obtained
varied among the transformations, the range being 200-
10,000.
A sample of five clones were routinely chosen at random

after transformation to determine molecular size ofthe insert.
Chosen clones were hybridized with human DNA after
analytical field-inversion gel electrophoresis and transferred
to a membrane (Fig. 6). The size distribution of 132 YAC
clones is shown in Fig. 7. The mean size of clones in the YAC
library is 430 kb, as calculated from the mean size of selected
clones weighted by the total number of transformants from
each transformation.

Five YAC clones from the library, ranging in size from 180
kb to 1050 kb, have been used as probes for fluorescent in situ
hybridization. Each of the five YACs was unambiguously
assigned to a particular region of a different human chromo-
some (T. Kievits and G.J.B. van Ommen, personal commu-
nication). This suggests that single fragments have been
cloned in the YACs analyzed.

Clones from a portion of the library have been identified by
colony hybridization with probes for HLA class I sequences,
HLA-DRA, and a subtelomeric interspersed repeat sequence
(STIR) (17). The number of clones obtained was in each case
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in parallel with YAC clone HY1 of 120 kb (gift from D. Burke,
Department of Genetics, Washington University School of Medi-
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consistent with the number expected in a library of randomly
cloned fragments.

DISCUSSION
The protocols that we have used to construct a human
genomic YAC library are presented here. These protocols
include techniques for manipulating DNA in low-melting-
point agarose for size fractionation, before and after ligation
with the pYAC4 vector, and during the ligation itself. In
addition, we show, as have Anand et al. (6), that the com-
pression zone of preparative gels by pulsed-field gel electro-
phoresis can be used effectively for separation of large DNA
fragments. The mean YAC size of this library is 430 kb and
seven haploid human genome equivalents are represented.

Size fractionation ofhuman DNA fragments in preparative
agarose gels under the conditions reported here permits us to
isolate large human DNA fragments ranging from 300 kb to
approximately 1500 kb. The lower threshold, 300 kb, is
relatively sharp, minimizing contamination with fragments of
lower molecular size. This threshold was chosen to take
advantage offavorable transformation efficiencies associated
with the lower range of the selected size fraction (see Fig. 3)
and still provides considerably larger inserts than those of
cosmids. It is plausible that YACs of 250 kb to 300 kb
observed in the library reflect reduced separation efficiencies
of heavily charged preparative CHEF gels, predisposing to
comigration of fragments smaller than expected in the com-
pression zone.
An experimental technique, important for generating the

observations presented here, involved the transformation of
AB1380 host cells with DNA from a transformed yeast clone
carrying a YAC of a given size. This technique permitted us
to demonstrate and analyze clonally stable rearrangements in
YACs. These rearranged YACs appeared to be smaller than
the transforming YAC used in the experiment. As chromo-
somes larger than the original YAC have never been ob-
served in these experiments and as no change in size of the
natural yeast chromosomes has been observed, this type of
rearrangement is likely to occur intrachromosomally. Fin-
gerprints of rearranged YACs indicate a loss of genetic
material. Our hypothesis is that the rearrangements are
related to nicks in the YAC DNA induced by manipulation
and that internal deletions are generated during repair of
these nicks prior to the first mitosis after transformation.
With careful manipulation of the YAC DNA, the frequency
of these induced rearrangements should be minimized. We
estimate the frequency of stable, induced rearrangements in
the YAC library to be no greater than 5%. The basis for this
estimate is the weighted distribution of clones tested for size.
The clonally unstable rearrangements, estimated to occur

in less than 2% of the YAC library, may well represent a
sequence-dependent phenomenon, driving recombination.
The significance of the two types of observed rearrange-

ments on physical mapping with YACs should be considered.
The frequency of clonally unstable rearrangements in this
library, with a mean YAC size of 430 kb, is estimated to be
approximately 2% (note that this frequency is dependent on
insert size). Assuming that particular sequences account for
the unstable rearrangements, our observations suggest that
about 140 ofthese sequences are found in the human genome.
Any YAC clone carrying one or more of these sequences is
likely to be rearranged and not representative of its genomic
region of origin. These clones are unacceptable for inclusion

in contigs and, accordingly, limit their size to the region
between two such sequences. If these sequences were evenly
spaced throughout the genome, they would limit contigs to 20
megabase-pairs. It should be noted that increasing library
size will not overcome the problem of sequence-dependent
rearranged clones. Clearly much more information concern-
ing unstably rearranged YAC clones is needed. For YACs
with induced and clonally stable rearrangements the con-
struction of contigs should not be limited, because the
probability that they will be complemented with nonrear-
ranged clones from the same genomic region increases with
the size (genomic equivalents) of the library.
We conclude that the YAC human genomic library re-

ported here contains large size clones that for the most part
appear to represent their genomic origin. This library should,
therefore, be very useful for physical mapping of the human
genome.
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